JUNE 2010

Climatology of Velocity and Temperature Turbulence Statistics Determined

FREHLICH AND SHARMAN

from Rawinsonde and ACARS/AMDAR Data

ROD FREHLICH

Cooperative Institute for Research in Environmental Sciences, University of Colorado, and Research Applications

Laboratory, National Center for Atmospheric Research,* Boulder, Colorado

ROBERT SHARMAN

Research Applications Laboratory, National Center for Atmospheric Research, Boulder, Colorado

(Manuscript received 5 February 2009, in final form 23 October 2009)

ABSTRACT

The climatology of the spatial structure functions of velocity and temperature for various altitudes (pres-
sure levels) and latitude bands is constructed from the global rawinsonde network and from Aircraft Com-
munications, Addressing, and Reporting System/Aircraft Meteorological Data Relay (ACARS/AMDAR)
data for the tropics and Northern Hemisphere. The ACARS/AMDAR data provide very dense coverage of
winds and temperature over common commercial aircraft flight tracks and allow computation of structure
functions to scales approaching 1 km, while the inclusion of rawinsonde data provides information on larger
scales approaching 10 000 km. When taken together these data extend coverage of the spatial statistics of the
atmosphere from previous studies to include larger geographic regions, lower altitudes, and a wider range of
spatial scales. Simple empirical fits are used to approximate the structure function behavior as a function of
altitude and latitude in the Northern Hemisphere. Results produced for spatial scales less than ~2000 km are
consistent with previous studies using other data sources. Estimates of the vertical and global horizontal
structure of turbulence in terms of eddy dissipation rate ¢ and thermal structure constant C are derived from
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the structure function levels at the smaller scales.

1. Introduction

Climate change studies have traditionally concentrated
on the mean statistical properties of atmospheric var-
iables. Early work was based primarily on rawinsonde
data (Lorenz 1967; Palmen and Newton 1969) while more
recent work uses global numerical weather prediction
(NWP) model reanalyses (Hoskins et al. 1989; Kalnay
et al. 1996; Uppala et al. 2005) to evaluate long-term
global mean statistics (Fil and Dubus 2005; Peters et al.
2008). But other statistical properties of global atmo-
spheric variables, such as long-term energy spectra and
spatial correlations, are also of interest. For instance,
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climatologies of the observed spatial statistics are es-
sential for rigorous evaluation of the effective spatial
resolution of NWP models (Frehlich and Sharman 2004,
2008), for correct interpretation of forecast error sta-
tistics (Frehlich 2008), and for optimal data assimilation
(Frehlich 2006).

In the seminal paper by Nastrom and Gage (1985) it
was shown that the average spatial spectrum of atmo-
spheric kinetic energy and temperature obeys a k>
behavior from scales of a few kilometers to hundreds
of kilometers, transitioning to a roughly k> behavior at
longer wavelengths (k is the one-dimensional horizontal
wavenumber). These results were based on measure-
ments from specially instrumented commercial aircraft
from the Global Atmospheric Sampling Program (GASP).
More recent data from the Measurements of Ozone and
Water Vapor by In-Service Airbus Aircraft (MOZAIC)
campaign confirmed this behavior (Lindborg 1999; Cho
and Lindborg 2001) and it has also been duplicated with
high-resolution general circulation models (GCMs) and
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mesoscale NWP models (Koshyk and Hamilton 2001;
Skamarock 2004; Frehlich and Sharman 2004; Takahashi
et al. 2006; Hamilton et al. 2008).

However, the true climatology of the spatial statistics
remains uncertain, since the inference from these sta-
tistics is somewhat incomplete. The GASP and MOZAIC
sampling is limited to commercial aircraft flight tracks and
cruising altitudes (9-12 km), and since high turbulent re-
gions are intentionally avoided, the statistics inferred from
these observations may be biased low compared to the
true climatology. This problem can be avoided using
NWP reanalysis data, however, the models suffer from
changes in available data and data assimilation tech-
niques (Bengtsson et al. 2004), and from model filtering
effects that tend to underrepresent the smallest scales
(Skamarock 2004; Frehlich and Sharman 2008).

Here we produce a more complete climatology based
on data derived from a combination of global sounding
data (SND) for the larger scales and routine automated
winds and temperature measurements from a variety of
commercial aircraft [Aircraft Communications, Address-
ing, and Reporting System (ACARS) and the Aircraft
Meteorological Data Relay (AMDAR) system] to im-
prove the climatological estimates at the smaller scales.
This avoids the problems associated with the use of model
data and extends the sampling regions provided by the
GASP and MOZAIC data to higher and lower latitudes
and altitudes.

Here, the derived climatologies of spatial variability
are based on the average shape and level of structure
functions computed from pairs of observations of tem-
perature and velocity from rawinsonde and ACARS/
AMDAR measurements for various altitudes, latitude
bands, seasons, and geographic locations over the North-
ern Hemisphere. Structure functions are better suited for
the analysis of spatial statistics given the unevenly spaced
observations available and can easily be converted to
spatial spectra (Frehlich and Sharman 2008). Structure
functions were used by Lindborg (1999) and Cho and
Lindborg (2001), and have been used for other meteoro-
logical applications (Buell 1960; Barnes and Lilly 1975;
Maddox and Vonder Haar 1979; Gomis and Alonso 1988).
Structure functions also permit local estimates of small-
scale turbulence (Frehlich and Sharman 2004) based on
recent theoretical interpretations of stably stratified
turbulence (Lindborg 1999, 2006; Riley and Lindborg
2008).

The remainder of the paper is organized as follows:
section 2 describes the data used. Section 3 describes the
data analysis techniques and develops empirical fits to the
structure functions. Section 4 presents results for different
altitudes, regions, and seasons. Section 5 concludes the
paper with a discussion and summary and implications for
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current theories of mesoscale turbulence. However, we do
not attempt to explain the observed scalings produced
here. This is an active area of research (Cho et al. 1999;
Lindborg 1999, 2006; Lindborg and Cho 2001; Tung and
Orlando 2003; Tulloch and Smith 2006, 2009; Gkioulekas
and Tung 2006; Riley and Lindborg 2008) that is beyond
the scope of this paper.

2. Data sources

The rawinsonde network is concentrated over conti-
nental areas of the Northern Hemisphere (see Fig. 1.4.2
of Kalnay 2003) where the average spacing between
stations is ~300 km. Here we use an archive (http://
dss.ucar.edu/datasets/ds353.4/) of all rawinsonde mea-
surements taken over 34 yr (1973-2006) for the standard
times of 0000 and 1200 UTC. The measurement errors
are ~0.5 K for temperature (Luers 1997) and ~0.5 m s~ !
in each horizontal velocity component (Jaatinen and Elms
2000).

The ACARS and AMDAR observations of wind and
temperature are used for the time period from 1 January
2001 to 31 December 2008. Here we use the term
“AMDAR?” for both of these datasets collectively. The
sampling rate varies from as little as 10 s to as much as
30 min and the accuracy of each horizontal wind com-
ponent is o, ~ 1.25-1.5m's ! and of temperature is
or~ 0.5 K (Benjamin et al. 1999; Driie et al. 2008). The
discretization of the AMDAR datais 0.5 m s~ for wind
speed, 1° for wind direction, and 0.1-0.2 K for temper-
ature (Benjamin et al. 1999) and therefore the contri-
bution of random discretization error to total instrument
error is negligible. All the AMDAR analyses presented
here used the Meteorological Assimilation Data Ingest
System (MADIS)-formatted archive (see http://madis.
noaa.gov/ for more details). Although more extensive
than the GASP or MOZAIC datasets, the AMDAR
data are still limited to typical commercial aircraft flight
paths; however, the coverage is nearly global, and con-
tains measurements taken during takeoffs and landings,
and thus should provide sufficient coverage to estimate
the climatology as a function of location, altitude, and
time of year. Examples of the AMDAR data locations
for one day at two different aircraft flight levels (FL;
isobaric surfaces) are shown in Fig. 1. The 250-hPa re-
gion (224-276 hPa, which corresponds to commercial
aircraft flight levels of approximately 32 000-36 000 ft
or 9.75-11.0 km MSL) has the highest concentration of
data (Fig. 1a). But even the smaller volume of data
provided by AMDAR-equipped aircraft during climbs
and descents (e.g., the 500-hPa region corresponding to
an FL of approximately 18 000 ft or 5.5 km MSL shown
in Fig. 1b) provides ample observations for robust
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FIG. 1. Location of the AMDAR data that passed all QC checks for the altitude region centered at (a) 250 and
(b) 500 hPa for 31 Aug 2008.

determination of spatial statistics when the entire 7-yr
observation period is used (from 109 000 measurements
per day in 2002 to 212 000 measurements per day in
2007). However, as can be seen in Fig. 1, the AMDAR
data are densest over the United States and Europe and
therefore, like the rawinsonde network, do not provide
a uniform sampling over the globe. Nevertheless, there
is still enough coverage over the North Atlantic and
North Pacific to construct fairly robust climatologies
over most of the Northern Hemisphere.

3. Structure function estimates

For any pair of observation points of variable g sep-
arated by a horizontal vector s, the structure function

D,(s) is given by {e.g., Monin and Yaglom [1975, p. 94,
Eq. (13.40)]}

D,(s) = (la(x +5) — q(I), 1)

where () denotes an ensemble average. Figure 2 shows
the geometry of the structure function analysis for two-
point observations of velocity with east-west velocity
component u and north-south velocity component v.
Two point observations of temperature share the same
geometry. The spatial coordinates of each observation i
are given by its spherical coordinates (¢;, A, R;), where ¢;,
A;, and R; denote latitude, longitude, and distance from
the center of the earth, respectively. Latitude and longi-
tude are expressed in radians and R; = Rg + h;, where
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FIG. 2. Geometry for structure function analysis at a given dis-
tance R from the center of the earth of two observations at co-
ordinates (¢1, A1) and (2, A»), where ¢; and A; denote latitude and
longitude of observation i, respectively. Here u and v denote the
east and north velocity components, respectively; v, and vy denote
the longitudinal and transverse (normal) velocity components,
respectively.

Ry is the radius of the earth and 4; is the altitude (MSL)
of the observation.

For rawinsonde data, the latitude and longitude are
adjusted for balloon drift using a constant rise rate of
50m s~ ! (Luers 1997; Luers and Eskridge 1998) and
the recorded vector winds. Only rawinsonde data with
complete wind speed profiles are used in the analysis to
ensure reliable drift calculations. For ease of computa-
tion, spatial statistics are calculated on isobaric surfaces
defined by the mandatory pressure levels provided in the
sounding archive (700, 500, 400, 300, 250, and 200 hPa).
The statistics derived for constant pressure surfaces are
equivalent to those derived for constant altitude levels
(Skamarock 2004).

For each pressure level, the difference between the
spatial coordinates of any two observations on the
sphere with mean distance from the center of the earth
R = (R; + R,)/2 is given by the arc distance vector s =
(8x, sy) with components defined by (Fig. 2)

s.=RAXcos¢, and (2)

s, = RA9, (3)

where AL = Ay — Ay, Ad = ¢ — ¢y, and ¢, = (P + $,)/2.
The arc distance s, is along constant latitude with positive
to the east and s, is arc distance along constant longitude
with positive to the north. The heading ¢ of observation 2
with respect to observation 1 is

s,
Y = tan 1<§> . 4)

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 49

Structure functions of the velocity field are calculated
for the longitudinal component v; (along the separation
vector) and the normal component vy (normal or trans-
verse to the separation vector), that is,

v, (p, ¢;, ;) =u,;sings + v, cosyy  and 5)
vy(p, o A) = u, cosy—v, siny, (6)

where u; and v; are the east and north velocity compo-
nents and p denotes the pressure level. This convention
was used by Buell (1960) and other early studies, but
other authors have chosen different separation variables
and different conventions for the transverse velocity ori-
entation (Lindborg 1999; Cho and Lindborg 2001). How-
ever, the structure functions’ estimates were found to
depend only weakly on the convention used. For ex-
ample, the difference between this formulation and that
of Lindborg (1999) at a separation of 1000 km is less
than 3% and at a separation of 400 km is less than 1%.

To ensure a sufficient number of samples for stable
results, the velocity and temperature structure functions
are computed as averages over longitude bands between
Amin and A,y (usually 0°-360°) and within latitude bands
P min—Pmax (usually with a bandwidth of 10°). That is, for
the velocity structure functions, Eq. (1) is implemented as

1
D,y (9= 37 2 0, (p. 6, 4) =0, (P b, A)F> ()

where ¢ is either L or N, and D, ; and D yy will denote
velocity structure functions throughout, s = (s2 + si)l/ 2
is the arc distance between the two observations, and M
denotes the total number of observation pairs in the
latitude band. The separation bin around s is 20 of a
decade in log space. However, the mean temperature
T(p, ¢, A) can have a pronounced variation with latitude
away from the tropics and must be removed. Therefore,
the estimate for the temperature structure function Dy
subtracts out the meridionally averaged mean over the
latitude band:

DT(p’s) = %I%I{[T(p7 ¢i’ /\i) - T(p’ ¢]‘7 )\j)]z
—[T(p, ¢) - T(p, $)I’}, ®)

where

M
T(p. 6)= 3, 2T (. 6,0, ©)

For D, ; and Dy, the 0000 and 1200 UTC sounding
data from 1973 to 2006 are used. Since the temperature
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sensor from rawinsondes changed after 1988 (Luers and
Eskridge 1998), only the time period 1989-2006 is used
for the temperature structure functions. The sounding
data sample the larger scales and therefore the contri-
bution from the observation error is small compared with
the large temperature differences in the atmosphere.

To improve the statistical accuracy of the structure
functions from AMDAR data, especially for lower alti-
tudes, each altitude region was divided into 13 pressure
intervals of depth 4 hPa for a total extent of 52 hPa cen-
tered on each of the mandatory pressure levels of the
sounding data (same processing domain as in Fig. 1). The
structure functions were calculated for each 4-hPa pres-
sure interval and then averaged to produce a final esti-
mate. Although we assume there are no effects from time
differences between soundings taken at different loca-
tions, the time difference between the AMDAR obser-
vation pairs is restricted to be less than 1 h. This effectively
limits the largest separations that can be computed using
AMDAR data to ~1000 km. Only data from the same
aircraft are processed to reduce the contribution of the
random bias from different aircraft (Ballish and Kumar
2008; Driie et al. 2008). This is consistent with the ap-
proach used by Lindborg (1999) and Cho and Lindborg
(2001), for the GASP and MOZAIC data.

The average structure functions are produced using
only sounding data with high-quality flags (“A” or
“space”’). Similarly, only AMDAR data that passed all
quality control (QC) stages are used (Moninger et al.
2003). However, examination of the quality controlled
AMDAR data showed some remaining inconsistencies
between the recorded times and locations for some ob-
servation pairs. Therefore, structure functions are pro-
duced from AMDAR data pairs only when the effective
ground speed, s/At, is between 50 and 400 m s~ 1. This
criterion is based on consideration of typical aircraft
airspeeds of 100-250 m s~ ' and expected maximum
head (tail) winds of 50 (150) m s~ ..

Examples of the probability density function (PDF)
from the rawinsonde and AMDAR data are provided in
Figs. 3 and 4. Figure 3 shows the PDF of wind speed and
temperature derived from the sounding data. Outliers in
the temperature data are clearly evident around the
dominant atmospheric feature. There is a small feature
above 100 m s~ ! in the wind speed PDFs. These outliers
are removed using a threshold. We also assume that the
impact of any remaining bad data (the approximately
constant floor of the PDF around the peak) is negligible.
This is a good approximation if the total fraction of bad
data accepted by the threshold level is small.

For small separations, the structure functions have
small values and are sensitive to measurement errors,
especially for the AMDAR data. This is demonstrated
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in Fig. 4 where the tails of the PDF of the velocity dif-
ferences squared of the AMD AR data appear to deviate
from the local scaling in the tails of the distribution.
Because of the poor statistical accuracy produced by the
small number of events in the extreme tails of the PDF,
it is difficult to distinguish legitimate rare events with
large horizontal velocity or temperature gradients from
random outliers. Thus, in addition to the location and
time consistency checks mentioned above, a maximum
threshold of 1.5 m s ' km ™! was applied to the hori-
zontal wind shear estimates Au/s and Av/s to remove
apparently bad wind data. Most of these cases were due
to a known error in the AMDAR data wind direction
noted by Pauley (2002), and this algorithm successfully
removes these errors. Similarly, data with horizontal
temperature gradients AT/s > 0.4 K km ' were also
removed.

Examples of global velocity and temperature struc-
ture functions for the AMDAR and sounding data are
shown, respectively, in Figs. 5 and 6 for the 250-hPa
pressure level at 40°-50°N. Both the velocity and tem-
perature structure functions exhibit the expected s*°
behavior at small lags (equivalent to the k> scaling of
spectra at high wavenumber k). The AMDAR temper-
ature data typically intersect the instrument noise floor
for spacings less than ~8 km (not shown), so a minimum
separation of 10 km for temperature is used (Fig. 6).
However, the velocity data appear to be less noisy at the
small scales, and reasonable structure functions are ob-
tained for lags as small as 3 km (Fig. 5). The estimation
error is largest for the small lags since they have the
smallest number of data pairs; this is clearly shown by
the scatter in the sounding structure functions at ~100-km
spacing and in the AMDAR velocity structure functions
at lags smaller than ~3 km. Nevertheless, the agreement
of the AMDAR and sounding structure functions in the
overlap regions of ~100-400 km is surprisingly good
considering the different spatial and temporal averaging
used (see Fig. 1; Kalnay 2003, her Fig. 1.4.2).

For comparison, the Lindborg (1999) average model is
also shown in Fig. 5. Note that there is no corresponding
model for comparison to the temperature structure func-
tions shown in Fig. 6. The shape of the velocity structure
functions is quite consistent with the Lindborg model at all
scales, although the AMDAR measurements give levels
slightly lower than Lindborg’s at the smaller scales. The
level of the transverse structure function Dy is higher
than the level of the longitudinal structure function Dy at
the larger lags (50 km < s <2000 km), mainly because
of the sensitivity of Dy, at these larger lags to meridional
wind variations induced by planetary waves. Lindborg
(1999) has also shown that Dy at lags between 200 and
1000 km is in good agreement with the predictions of 2D
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isotropic turbulence based on Dy ;. At smaller lags, the
Dyy and Dy ; merge and consequently, as discussed by
Lindborg (1999), neither the 2D isotropic scaling Dy =
53Dy (Ogura 1952; Lindborg 1999) nor the 3D isotropic
scaling Dyy = 43D ; (Monin and Yaglom 1975, p. 353)
are valid.

The ground speed and velocity shear thresholds applied
to the AMDAR data were tested by varying the thresh-
olds until little change was produced in the resulting
structure functions and the s*” scaling was consistently
observed at small lags. We therefore believe the structure
functions presented here are dominated by atmospheric
processes and not observation errors, which would pro-
duce a constant value at small lags. From the values of the
velocity structure function at spacings less than ~2 km
in low-turbulence regions, the AMDAR random mea-
surement error is estimated to be less than 0.4 m s~ ' (see
Fig. 5 at small lags). The total measurement error based
on differences between two different AMDAR aircraft

is difficult to estimate because of the atmospheric con-
tribution. However, we believe the total AMDAR ob-
servation error of 1.25-1.5 m s~ ! per velocity component
estimated by Benjamin et al. (1999) and Driie et al. (2008)
may be biased high because of the contribution of at-
mospheric turbulence.

As shown in Figs. 5 and 6, the structure functions have
a simple shape and therefore can be fit to simple em-
pirical models as demonstrated by Lindborg (1999). We
use the following empirical model that includes a better
representation of the larger scales:

D_..(5)= alsm[l + (s/az)”fm]/[l + (s/a,)"]

J
+ Db, f,(s) and (10)
k=1

f(s) =[1 —cos2mslc,)] 0<s<c,

(11)

=0 otherwise,
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where k is a wave modal number, J is the number of
modes, and mod is LL, NN, or T. The coefficients a;
describe the smaller-scale turbulence while the random
amplitudes of the larger-scale planetary waves are mod-
eled by the cosine terms with amplitude b, and wave-
length ci. This empirical model satisfies the ubiquitous
s scaling for small lags and includes the larger-scale
planetary waves and baroclinic waves. The deviation
from the 5% scaling to an approximate s% scaling oc-
curs at a, and for most cases, a, < a4, where a4 defines
the largest turbulent scale before planetary waves be-
come important. The tropics and some of the lower alti-
tude regions appear to have a single-scale model (i.e., no
planetary-wave component).

The best estimates of the average structure function
are produced by combining the information from both
the AMDAR and sounding data. We assume that the
sounding data provide the best estimate of the larger scales
while the AMDAR data provide more accurate small-
scale statistics. The best-fit model is therefore produced by
minimizing the error
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scripts LL and NN, respectively. The theoretical models by Lindborg
(1999) and the s** scaling law are also shown for comparison.

'IA
e = /; lnz[DAMDAR(Sk)/Dmod(Sk’ai)]

JS
+ l;lnz[DSND(Sk)/Dmod(swai)]’ (12)

where a; denotes the parameters of the empirical model
in Egs. (10)-(11), /4 is the number of AMDAR esti-
mates, and J is the number of sounding estimates. The
estimation error of the structure function estimates is
proportional to the mean since it is dominated by the
turbulent processes (Lenschow et al. 1994). Therefore,
the log of the structure function estimates has approxi-
mately constant error. Structure function estimates with
high estimation errors resulting from small sample sizes
are removed by using a threshold based on the relative
error, typically 0.04 for the AMDAR data and 0.02 for
the sounding data. The Powell algorithm (Press et al.
1986) produces the minimization.

The best-fit models and the structure-function esti-
mates that passed the threshold test are shown in Figs. 7
and 8§ for the same region as shown in Figs. 5 and 6, re-
spectively, as well as a lower altitude of 700 hPa. Al-
though these results are for a limited altitude and latitude
region, the velocity structure functions agree well with the
Lindborg (1999) model. The AMDAR data resolve the
5?7 scaling at small scales and the results indicate that
the s* scaling is valid over a large altitude and spatial
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The s** scaling law is also shown for comparison.

region, especially for D; ;. The higher level of Dx com-
pared with D, ; at 1000-km scales reflects the contribu-
tions from planetary and baroclinic waves, especially jet
stream loops with typical spacings of 2000 km. Note that
like higher altitudes, the levels of the structure function
Dy, and Dyy merge at the smallest spacings. This be-
havior is consistent with the results of Cho and Lindborg
(2001, their Table 2 and their Fig. 5) for the stratosphere.

4. Results

In this section we present some results of the velocity
and temperature structure functions (using the parameters
in Tables A1-A10 of the appendix) for various global and
continental U.S. (CONUYS) latitude bands and for various
altitudes, seasons, and geographic regions. In Eq. (10),
s has units of kilometers and, consequently, a; has units of
m? s~ 2 km™ %3, ay, a4, and ¢; have units of kilometers, as is
unitless, and b; has units of meters squared per second
squared. Note that the empirical models for temperature
structure functions in Tables Al and A2 are produced
from the AMDAR data only since the results from the
sounding data have poor accuracy because of the lack of
data in the tropics. We also derive vertical profiles of the
turbulence levels, € and C7, and a geographic distri-
bution of ¢* at upper levels (250 hPa) in regions where
data coverage is adequate. Finally, as an independent
check, the velocity and temperature structure functions are
compared with the 20-km Rapid Update Cycle (RUC20)
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NWP-derived structure functions for a limited altitude
and latitude band.

a. Structure-function results versus altitude

Examples of the velocity and temperature structure
functions at various pressure levels for the 40°-50°N
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FIG. 8. Best-fit temperature structure function (solid line) from
the AMDAR and SND for the 250- and 700-hPa pressure level and
latitude band of 40°-50°N.
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FIG. 9. Best-fit longitudinal-velocity structure functions D, ;,
transverse-velocity structure functions Dyy, and temperature
structure functions D for the AMDAR and sounding data for the
latitude band of 40°~50°N and various pressure levels.

latitude band are shown in Fig. 9. The largest variances
are at the 200-300-hPa levels at nearly all scales corre-
sponding to the jet stream maximum at roughly 200 hPa
(Koch et al. 2006, their Fig. 1). The mesoscales have sim-
ilar power but different slopes as a function of altitude.
The velocity structure functions show a marked transition
in slope at ~100-km separation, consistent with Cho and
Lindborg (2001). The smallest scales consistently show
the s*° behavior at all altitudes. For lower altitudes the
structure function levels decrease with decreasing altitude
for the larger separations s. These results are consistent
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with Gage and Nastrom (1986). The larger scales show
a consistent peak at all altitudes at separations in the
3000-10 000-km range for D, ;, with a narrower, more
pronounced peak in Dy at ~2000 km or a wavelength
of ~4000 km. At this latitude band, the circumference
of the earth is approximately 28 000 km, thus the broad
maximum in D, corresponds to planetary waves of
zonal wavenumbers 3-5 while the peak in Dy corre-
sponds roughly to zonal wavenumber 7 in agreement with
the results of Benton and Kahn (1958).

However, D7 shows a somewhat different behavior.
At the largest lags the levels increase with decreasing
altitude, except for a large increase at 200 hPa. At
smaller lags there is no systematic change in level with
altitude. From Hoinka (1998), the annual mean tropo-
pause level for the 40°-50°N latitude band is ~250 hPa.
Thus D7 at 200 hPa is mainly in the stratosphere and the
increased structure-function level there is consistent
with Nastrom and Gage (1985; Tables Al, A2). The
transition point is at slightly larger scales (200-300 km)
in D compared with D, ; and D . There is no obvious
peak in D7 at larger scales, just a slow roll-off starting at
~1000-5000 km. At 500 hPa the roll-off starts at ap-
proximately 4000 km or wavenumber 7, in agreement
with Julian and Cline (1974) at 40°N.

b. Structure functions— Latitudinal variations

Figure 10 shows the latitude dependence of D; ;, Dyn,
and D7 at 250 hPa. The tropical regions below 20°N have
the lowest power at all scales, especially for temperature.
The power generally increases with latitude, especially
for the larger scales, although for spatial scales between
approximately 100 and 1000 km the velocity structure
functions are nearly independent of latitude above
~30°N. The maximum of D is in the 40°-50°N latitude
range for all scales. The peak in Dy is observed only in
the northern latitudes above 30°N. All these results are
consistent with the Nastrom and Gage (1985, their Fig. 8)
GASP spectra and Cho and Lindborg (2001, their Fig. 2)
velocity structure functions from the MOZAIC tropo-
spheric data. Since our analysis provides information at
larger scales, a zonal wavenumber 3 peak is also ap-
parent in the 30°-40°N latitude range. This is consistent
with three geographically forced jet maxima climatolog-
ically centered at approximately 80°W, 40°E, and 120°E
in roughly the 30°-40°N latitude band (Koch et al. 2006,
their Fig. 1). However, this feature is only noticeable in
D . Since it is not evident in Dy, this apparent wave-
number 3 feature could be an artifact of the concentration
of data over the continents.

All latitude regions show the ubiquitous s* scaling at
small separations at this altitude (250 hPa). The transi-
tional scale where the slope of the structure function
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FIG. 10. Best-fit longitudinal-velocity structure functions D, ;,
transverse-velocity structure functions Dyy, and temperature
structure functions D7 for the AMDAR and sounding data for
250-hPa pressure level and various latitude bands.

increases from %3 is at ~50 km, and is only weakly de-
pendent on latitude except in the tropics where there is
no obvious increase in slope. Nastrom and Gage (1985)
and Cho and Lindborg (2001) also show only a weak de-
pendence on latitude for the transition scale away from
the tropics.

¢. Structure functions—Seasonal variations

The global structure functions for the 250-hPa pres-
sure level for the summer (June-August) and winter
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data for 250-hPa pressure level, the latitude band of 40°-50°N, and
summer vs winter.

(December—February) seasons for 40°-50°N and 30°-
40°N are shown in Figs. 11 and 12. In general, the winter
has higher levels at all scales, but this enhancement is
especially noticeable in the velocity structure functions at
30°-40°N. The higher levels in this latitude band are
consistent with the altitude structure at 40°-50°N de-
scribed in section 4a and are related to the geographical
distribution of jet streams, which is most pronounced in
the winter months (Grotjahn 1993, his Fig. 5.7; Koch et al.
2000, their Fig. 4). Enhanced variability at the smaller
scales is also observed in the winter months based on pilot
reports of turbulence from aircraft (Wolff and Sharman
2008, their Fig. 5) and from global model reanalysis data
(Jaeger and Sprenger 2007, their Figs. 1, 2).

Most noticeable is that the peak in Dy at approxi-
mately 2000-km separation (zonal wavenumber 7) is
apparent only in the winter, reinforcing the notion that
this is related to planetary free waves (Benton and Kahn
1958). At both latitudes shown, D, ; also has an en-
hanced component at 8000 km (zonal wavenumber 3) in
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the winter, which is most likely related to the wave-
number 3 feature noted above.

d. Structure functions—Continental variations

The global velocity and temperature structure func-
tions for 250 hPa and the 40°-50°N latitude band for the
continental United States (50°-140°W) and Eurasia
(10°W=160°E) are shown in Fig. 13. There is little dif-
ference in the temperature statistics at larger scales, but
the smaller scales have substantially lower levels over
Eurasia than over CONUS. The levels of D;; and Dyy
also have higher levels over CONUS than over Eurasia at
the smaller scales, probably due to enhanced mountain
wave activity over the Rocky Mountains in winter and to
thunderstorm activity over the eastern half of the United
States in summer (Wolff and Sharman 2008), compared
to Eurasia. At larger scales Dyy has the zonal wave-
number 7 peak mentioned in section 4c, and dominates
D, ; over both regions. At the largest scales, the CONUS
levels are again higher than the Eurasia levels.
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e. Structure functions—Effects of mountains

The impact of mountainous regions is investigated
by selecting two subdomains with a high density of
AMDAR data: the Rocky Mountains region (latitude
30°-50°N, longitude 100°~125°W) and the eastern United
States (latitude 30°-50°N, longitude 75°-100°W). The
comparison of the velocity structure functions is shown
in Fig. 14. Note the large enhancement for the moun-
tain (western) region at lags less than 20 km as well as
the increase in power of D;; compared to Dyy. This
behavior has also been observed by similar analysis of
research aircraft data (Frehlich and Sharman 2008), and
is consistent with Jasperson et al. (1990) and the pre-
dictions of elevated turbulence spectra levels dominated
by gravity waves (Cho et al. 1999; Lindborg 2007).

f- Profiles of small-scale turbulence

Recent theoretical and experimental results for stably
stratified anisotropic turbulence (Lindborg 1999, 2006;
Cho and Lindborg 2001; Riley and Lindborg 2008) have
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demonstrated that the s> scaling of D, ;, Dy, and Dy
extends to the smallest scales where the theory of ho-
mogeneous isotropic turbulence is valid [Tatarski 1967,
his Egs. (2.7) and (3.19), respectively]. Then,

D,,(s)= Ce?3s?3  and

(13)

D, (s) = C5s*3, (14)
where s is in meters and C ~ 2.0 is the Kolmogorov
constant (Frisch 1995, p. 90). The AMDAR data resolve
spatial scales of 10-50 km with sufficient statistical ac-
curacy to produce a robust s*> behavior. Consequently,
Egs. (13) and (14) can be used to derive reliable estimates
of the average energy dissipation rate ¢ and structure
constant C%. Third-order structure functions can also be
used to estimate ¢ but they have much larger statistical
estimation error.

Comparing Eq. (13) with Eq. (10) gives € = 4,/100C =
ay/200 from D;; and comparing Eq. (14) with
Eq. (10) gives C7 = a;/100 from D . The coefficients
a; (m? s~% km~??) are listed in Tables A1-A10 of the
appendix for various global and CONUS latitude bands
and for various pressure levels. As an example, the
vertical profiles of meridionally averaged * and C7 are
shown in Fig. 15 for the 40°-50°N latitude band. A
minimum in both the thermal (C%) and velocity (%)
turbulence levels occurs at ~8-km altitude, which re-
flects the lower average turbulence conditions above
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boundary layer convection and below the higher tur-
bulence conditions associated with enhanced shear
near the jet stream. Above this low-turbulence region
the turbulence levels steadily increase to ~200 hPa,
near the ceiling of most commercial aircraft. Compari-
son of the a; values in the tables of the appendix for other
regions shows this vertical distribution is typical. Note
that the structure functions at the lower altitudes (pres-
sure greater than approximately 400 hPa; see Fig. 9) have
a smaller s regime than the Lindborg model based on
typical aircraft cruising altitudes of 9-11 km. The scatter
in the data at lower altitudes in Fig. 15 are produced by
the smaller number of observations at the small lags and
from the contribution from random outliers, which are
difficult to identify because of the large tails in the dis-
tribution of the velocity and temperature differences
(Figs. 3, 4).

These values of € and C7 are consistent with previous
global estimates [e.g., in Fig. 15 at 10-km elevation, € ~
14 X 1077 m* s or e ~ 52 X 107" m> s>, which
agrees with e ~ 7.64 X 107> m? s~ from Lindborg (1999)
and € ~ 1.7 X 107> m*” s7? for the 30°-50°N latitude
region from Cho and Lindborg (2001, their Table 1)].
Similarly, at 10 km, C2~4x10*K>m 2? agrees with
C7 ~ 5 X 10”* K* m~?”? determined by Frehlich and
Sharman (2004) using the Nastrom and Gage (1985) GASP
temperature spectra.

An early climatology of e by Ellsaesser (1969) has a
similar altitude dependence but the values are higher,
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most likely a consequence of using large lags around
200 km that are not in the s scaling region. Vinnichenko
and Dutton (1969) present velocity spectra in the free
atmosphere with the low-turbulence regime consis-
tent with Fig. 15, but the high-turbulence values of
e are in excess of 0.01 m* s > (corresponding to “se-
vere CAT”). Similar variations in e were reported by
Chen (1974). Profiles of € from ground-based Doppler
lidar have free-atmosphere values around ¢ ~ 1 X
107> m? s 2 (Frehlich et al. 2006; Frehlich and Kelley
2008), which agree with Fig. 15, but boundary layer
values of ¢ can vary from as low as 1 X 107% m? s>
for stable nighttime conditions to approximately
0.01 m? s> for convection (Frehlich et al. 1998, 2006)
to as much as 0.1 m* s > for high wind conditions
(Frehlich and Kelley 2008). Still another source for
comparisons is the climatology of turbulence derived
from NWP model output, which predicts (¢*?) = 1.7 X
1072 m*? s72 for an altitude of 10 km (Frehlich and
Sharman 2004), which again is in good agreement
with Fig. 15.

Other three-dimensional estimates of turbulence cli-
matology have been attempted by Jaeger and Sprenger
(2007) using 40-yr European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA-40)
data and by Wolff and Sharman (2008) using pilot reports
(PIREPS) of turbulence. However, both of these tech-
niques are somewhat unreliable given the uncertainty in
turbulence diagnostic formulations and model data used
in the former and the subjective nature of PIREPs in the
latter. Neither technique provides quantitative estimates
of turbulence intensity.

Another point of comparison is inferences of e and
C7 from radar measurements of spectral width or profiles
of refractivity (e.g., Gage et al. 1980; Fukao et al. 1994;
Cohn 1995; Hocking 1996; Nastrom and Eaton 1997,
2005; Satheesan and Krishna Murthy 2002; Masciadri
and Egner 2006) or from stability profiles derived from
high-resolution rawinsonde data (e.g., Bertin et al. 1997,
Clayson and Kantha 2008). However, these are usu-
ally based on individual cases and tend to have large
scatter.

Climatological studies of radar-derived e and C7 have
been performed, but they are tied to a particular geo-
graphic location. Longer records of radar-derived € (4 yr
in the United States) by Nastrom and Eaton (1997) over
White Sands, New Mexico, and Nastrom and Eaton
(2005) over Vandenberg Air Force Base, California, have
similar shapes. Similar results were produced by Fukao
et al. (1994) over Japan. In comparing these results, it
should be noted that the inference of e from radar sta-
tistics is not straightforward, and involves a number of
assumptions (Hocking 1996; Cohn 1995) regarding the
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nature of atmospheric turbulence in the free atmosphere,
which may increase the uncertainty associated with radar-
derived turbulence metrics. Our estimates of e and C7 are
more directly tied to actual wind and temperature mea-
surements and have three-dimensional coverage, and
therefore should be more reliable and more indicative of
true climatologies than those provided by limited radar
studies.

From Eq. (10), the level of the structure functions at
small spacings s scales as a;s??, where a; represents ay,
ay, and C% for the longitudinal velocity, transverse ve-
locity, and temperature structure functions, respectively.
An important aspect the observed levels in assessing
theories of mesoscale turbulence is the ratio of the kinetic
energy spectrum ®gg(k) to the potential energy spectrum
®pe(k) (Gage and Nastrom 1986; Gage et al. 1986; Cot
2001; Lindborg 2005, 2006; Lindborg and Brethouwer
2007). For the higher wavenumbers with the k> scaling
corresponding to the s*° scaling of the structure functions
(the spectral level is proportional to the structure func-
tion constant a;) (Cot 2001),

(k) NZT%(aL +ay)

Rk = CI)PE(k) - gZCZT

(15)

is independent of k, where T is the average absolute
temperature, g is the acceleration of gravity, and N* =
(g/0)(06/0z) where 6 is the mean potential temperature,
z is the vertical direction, and N is the Brunt—Vaiisila
frequency. Since vertical gradients cannot be estimated
from the AMDAR data, N(z) is calculated from the
U.S. Standard Atmosphere. The ratio R is tabulated in
Table 1 for a few chosen altitudes in the troposphere and
one in the stratosphere. Note that R is not constant with
altitude but varies from approximately 1 to 2 with the
highest values in the stratosphere (200 hPa). A similar
enhancement in the stratosphere was produced by
analyses of high-rate balloon data (Nastrom et al. 1997)
but R was approximately a factor of 2 higher. Our
magnitudes of R are consistent with other estimates
from theory, observations, and numerical simulations
of stratified and rotating turbulence. For example,

TABLE 1. Altitude dependence of energy spectral ratio R in
latitude band 40°-50°N.

P(hPa) H(km) T(K) 6(K) N>*x107* R
500 5.605 2517 307.3 1.27 1.51
400 7.223 2413 3139 133 1.81
300 9.200 2284 3226 1.40 1.36
250 10.407 2206 3284 1.45 1.03
200 11.830 2167 3437 4.41 2.02
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FIG. 16. Estimates of the small-scale turbulence statistics €#* from AMDAR structure functions for 10° latitude-longitude boxes at the
250-hPa pressure level over NH.

R = 2 was proposed by Charney (1971) for geostrophic
turbulence, and for plane inertia—gravity waves prop-
agating in a constant wind and stability environment
R =1, where the lower limit of unity corresponds to no
rotation (Gill 1989; Nappo 2002). Gage and Nastrom
(1986; Gage et al. 1986) found R =~ 2 based on the
GASP data. Lindborg (2006) produced a ratio (R = ex/ep
in his notation) that varied from 2.45 to 3.16 from
numerical simulations of stratified turbulence. In-
cluding rotation in the simulations, Lindborg (2005)
produced ratios that varied from 1.67 to 2.33. The ratios
from Lindborg and Brethouwer (2007) varied from
1.7 to 3.1

A map of average ¢° determined from all the
AMDAR-derived velocity structure functions for 10°
latitude—longitude boxes at 250 hPa for the Northern
Hemisphere is shown in Fig. 16. There is a pronounced
maximum over the Rocky Mountains (see Fig. 14),
consistent with previous results (Nastrom and Gage
1985; Jasperson et al. 1990; Jaeger and Sprenger 2007;
Wolff and Sharman 2008). The maximum off the south-
east coast of the United States was also found in Wolff
and Sharman (2008). The other elevated turbulence
region over Asia is consistent with Jaeger and Sprenger
(2007).

g. Comparison with NWP model output

Average velocity and temperature structure functions
derived from the archive of the RUCI3 analyses (in-
terpolated to the RUC20 grid) for the years 2005 and
2006 are compared with the soundings/ AMDAR aver-
age structure functions calculated over the same spatial
domain in Fig. 17. The agreement between the two es-
timates for scales larger than 400 km is better than 10%,
which indicates a robust climatology with just 2 yr of
NWP model output. Similar results were produced from
a 1-yr analysis of the Global Forecast System (GFS)
output (not shown).

5. Summary and discussion

Structure functions [Eq. (1)] are easily computed from
routine measurements of wind and temperature provided
by the global AMDAR and rawinsonde observations, and
allow computation of turbulence levels without recourse
to data provided through special sampling programs such
as GASP and MOZAIC. The large archive of rawin-
sonde and AMDAR data samples the 5-10 000-km spatial
scales of atmospheric processes with acceptable accuracy
for northern latitudes. Spatial scales less than 100 km are
the most challenging since small observation errors or
random outliers can have a large impact on the long-term
averages (see Figs. 3, 4) and therefore careful QC of the
data is required. Nevertheless, structure function shapes
and levels were found to be very robust for scales as small
as 2 km for velocity and 10 km for temperature. It was
found that the statistics from the sounding data are
more accurate for the larger scales while the AMDAR
data provide better estimates at the smaller scales. Good
agreement is produced in the overlap scales of 200—
500 km (Figs. 5, 6) even though the spatial and temporal
averages of the two data sources are quite different. Thus
the combination of rawinsonde/AMDAR data to derive
structure functions produces a complete description for
all scales greater than ~5 km (see Figs. 7, 8). Empirical
models [Eq. (10)] are fit to the merged structure func-
tions for all regions that have sufficient statistical accu-
racy (see appendix).

Examples of the altitude dependence of the structure
functions are shown in Fig. 9 and of latitude dependence
in Fig. 10. The Lindborg model for the velocity structure
functions is in good agreement with the results for the
250-hPa pressure level and the 40°-50°N latitude band
(Fig. 7), which contains the largest number of commer-
cial aircraft flights. There is a noticeable seasonal de-
pendence at 30°~40°N and 250 hPa (Fig. 12), with more
energy at the larger scales in the winter season. For the
same region, there is good agreement at the mesoscales
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for the CONUS and Eurasian continent but with dif-
ferent behavior of the velocity statistics at the planetary
scales. The different behavior of the structure func-
tions at larger scales (greater than 2000 km) is partly
related to the high density of data over the continents
(Fig. 1) and therefore does not produce a true global
average.

The leading-order scaling s*° of the empirical model
for the structure functions of velocity and temperature can
be used to produce profiles of the small-scale turbulence

statistics ¢#> and C%. The minimum of the turbulence
levels at an altitude of 8 km (400 hPa) for the 40°-50°N
latitude band reflects the lower turbulence region below
the jet stream and above the convective boundary layer.
This climatology of smaller-scale turbulence may pro-
vide useful connections to scales of turbulence that im-
pact aviation safety (Wolff and Sharman 2008).

Our derived profiles of ¢2” and C7 predict the ratio R of
kinetic energy to potential energy in the k> region for
the spatial spectra [Eq. (15); Gage and Nastrom 1986;
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Gage et al. 1986; Cot 2001; Lindborg 2005, 2006; Lindborg
and Brethouwer 2007], assuming the Brunt-Viisila
frequency N is a constant determined from the U.S.
Standard Atmosphere. The ratio varied from 1.0 to 2.0,
which is consistent with some past results and theo-
retical predictions, but the assumption of constant N
requires more investigation since local regions of high
turbulence would be expected to produce small or even
negative values of N (e.g., Bertin et al. 1997), which
could bias the ratio R. Including the effects of random
variations in N requires an appropriate spatial averaging
domain for estimates of the 0 gradients (Reiter and
Lester 1968; Balsley et al. 2007).

The climatology of turbulence will improve as more
and better data are archived, especially for the smaller
scales, which are most sensitive to random measurement
errors and outliers. This climatology is essential for a
rigorous evaluation of the effective spatial resolution of
NWP models (Frehlich and Sharman 2004, 2008), for
correct interpretation of forecast error statistics or in-
novation statistics (Frehlich 2008), and for optimal data
assimilation (Frehlich 2006; Frehlich and Sharman 2004).
Further, knowledge of the climatology of turbulence
permits more accurate calculations of the total obser-
vation errors and forecast errors. Total observation errors
consist of two components (Frehlich 2001): the instru-
ment error and the observation sampling error (related to
the error of representativeness), which defines the errors
produced by the mismatch between the observation
sampling volume and the definition of “truth.” The most
precise definition of truth for a given NWP model is the
convolution of the continuous atmospheric field by the
spatial filter of the NWP model (Frehlich 2006, 2008).
Rawinsonde data have the largest observation sampling
error since the sampling volume is very small (i.e., it is
approximately a single point in the 2D horizontal plane).
The average structure function and the spatial filter of
the NWP model then determine the average observation
sampling error (Frehlich 2001) as well as the atmospheric
contribution to the average forecast errors, also called
innovation errors (Frehlich 2008). For example, con-
sidering the latitude region 40°-50°N and a global model
with grid resolution A = 35 km and effective model
resolution L = 150 km, the observation sampling error
at 250 hPa for rawinsonde observations at the center of
a grid cell for one horizontal velocity component is
1.61 m s~ ! [Frehlich 2001, his Eq. (93)], which is larger
than the instrument error of ~0.5 ms ' In contrast,
the observation sampling error for a rawinsonde tem-
perature measurement is 0.50 K, which is comparable to
the instrument error of 0.5 K.

Last, note that, as more and more aircraft become
AMDAR equipped, it may be feasible to compute
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structure functions locally in real time and thus infer lo-
cations of elevated turbulence levels and provide new
tools for turbulence detection and aviation safety
(Wolff and Sharman 2008).
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APPENDIX

Coefficients of Best-Fit Models

The coefficients of the best-fit models [Eq. (10)] for
the global-averaged structure functions are given in
Tables A1-A10 for the Northern Hemisphere using the
merging technique shown in Figs. 7 and 8, except for the
temperature structure functions in the latitude bands
less than 20°N, which are based on the AMDAR data
only. In Eq. (10), the variable s has units of kilometers,
and consequently a; has units of m?s 2km 22, a, ay,
and c¢; have units of kilometers, a5 is unitless, and b; has
units of meters squared per second squared.

TABLE Al. Coefficients for best fit to structure functions in

10°S-10°N.

Var P (hPa) H (km) a a, as ay

79 500 5.866 0.408 10 24.016 021592  1304.7
v 400 7.584 022552 2013.7 1.4445 32785
v, 300 9.692 0.116 47 47212 1.0289 3905.0
v 250  10.957 0.128 93 7.1911 0.89723  8207.3
vy, 200 12.437 0.153 50 6.6815 0.910 17 14 392.0
vy 500 5.806 035428 830.73 54073 834.60
1N 400 7.584 0277 54 47842  3.1042 623.86
vy 300 9.692 022989 13941  1.5275 568.47
vy 250 10.957 0.328 10  356.15 1.3696 1014.5
uy 200 12437 039601 41724  1.5493 1089.5
T 500 58069 0.01829 47253  0.948 03 938.23
T 400 7.586 0.01362 50445 0.61962 1993.8
T 300 9.694 0.008 43 213.81 0.843 42 3897.0
T 250 10962 0.008 40 35852  0.84387  4363.2
T 200 12.439 0.013 34 1670.0 22114 2042.1
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TABLE A2. Coefficients for best fit to structure functions in 10°-20°N.

Var P (hPa) H (km) a a» as ay
vy 700 3.152 0.180 89 37 850.0 0.682 56 19 011.0
vy 500 5.867 0.373 95 0.816 27 0.674 12 2381.4
vy 400 7.580 0.149 48 158.47 1.3692 2001.8
vy 300 9.681 0.171 30 141.27 1.4309 2001.7
vy 250 10.943 0.094 13 8.3477 1.1229 3411.9
vy 200 12.419 0.070 60 1.4620 1.0503 5744.1
N 700 3.152 0.316 25 519.85 3.5645 631.52
Uy 500 5.867 0.415 51 715.51 13.006 742.06
LN 400 7.580 0.208 51 96.831 2.4898 303.55
Uy 300 9.681 0.276 57 202.56 2.4424 572.08
uN 250 10.943 0.251 75 110.99 2.0949 530.64
uN 200 12.419 0.241 97 87.443 1.8370 642.77
T 500 5.868 0.021 12 99.836 0.607 81 4671.0
T 400 7.580 0.016 05 60.851 0.830 47 3143.2
T 300 9.681 0.011 25 231.29 1.2345 2557.4
T 250 10.944 0.012 31 347.70 1.6430 1394.2
T 200 12.420 0.009 30 138.94 1.3730 1424.6

TABLE A3. Coefficients for best fit to structure functions in 20°-30°N.

Var P (hPa) H (km) a ay as ay
vy 700 3.132 0.245 95 206.75 1.1706 1441.3
vy 500 5.831 0.389 18 934.16 1.5951 2185.3
vy 400 7.532 0.192 30 64.457 1.3156 1680.6
vy 300 9.619 0.183 25 74.913 1.5748 1381.9
vp 250 10.878 0.214 08 102.39 1.7075 1310.2
vy 200 12.356 0.211 24 76.512 1.5882 1438.5
N 700 3.132 0.352 45 141.07 2.1181 339.85
LN 500 5.831 0.337 00 94.847 1.6166 463.21
LN 400 7.532 0.274 41 75.967 1.8554 441.01
LN 300 9.619 0.267 05 84.152 2.0573 501.21
LN 250 10.878 0.285 83 85.331 2.1096 518.91
Uy 200 12.356 0.235 50 53.884 1.8865 569.13
T 700 3.132 0.027 63 89.143 1.7005 721.25
T 500 5.832 0.036 55 135.49 1.2890 1439.1
T 400 7.532 0.007 88 9.7564 1.3359 1341.9
T 300 9.619 0.014 59 141.18 1.5382 2673.2
T 250 10.880 0.011 69 90.379 1.4456 2909.4
T 200 12.358 0.017 05 130.07 1.4077 2172.8

TABLE A4. Coefficients for best fit to structure functions in 30°~40°N.

Var P (hPa) H (km) a a as a, by cy b, c
vy 700 3.093 0.451 68 1237.8 2.0937 1738.6
vy 500 5.730 0.453 96 554.45 1.6891 1780.4
vy 400 7.388 0.171 72 17.725 1.2423 1996.6
vy 300 9.417 0.240 44 58.004 1.5248 1659.9
vy 250 10.644 0.354 28 124.37 1.7187 1519.6
vr 200 12.096 0.396 36 159.22 1.6561 1855.5
Uy 700 3.093 0.471 93 347.76 1.5080 672.27 21.684 3525.4 15.793 21 926.0
N 500 5.730 0.455 62 142.75 1.6096 599.78 42.978 3877.6 22.693 21 706.0
un 400 7.388 0.260 05 30.140 1.5283 510.77 66.569 3986.4 27.174 21 337.0
Uy 300 9.417 0.303 15 51.383 1.8801 484.04 101.89 4082.2 41.946 21 274.0
LN 250 10.644 0.383 33 72.278 1.9589 578.08 92.231 3979.6
N 200 12.096 0.397 47 94.692 1.9941 579.91 123.12 4161.2 39.824 21 749.0
T 700 3.096 0.047 29 199.86 1.8832 1178.7
T 500 5.733 0.052 38 317.88 1.9818 1089.2
T 400 7.391 0.027 97 134.67 1.8261 978.63
T 300 9.420 0.025 26 192.53 2.1079 1017.6
T 250 10.647 0.035 43 219.84 2.0353 1058.8
T 200 12.100 0.059 18 321.47 1.5943 1833.0
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TABLE AS. Coefficients for best fit to structure functions in 40°-50°N.
Var P (hPa) H (km) a a as ay by c1
13 700 3.031 0.247 68 68.491 1.0190 2057.7
vy 500 5.605 0.299 76 147.74 1.5197 1269.3 27.524 14 304.0
vy 400 7.223 0.180 77 36.090 1.5255 1034.1 50.441 14 798.0
173 300 9.200 0.222 43 44.329 1.6556 995.21 75.187 14 545.0
vy 250 10.398 0.330 23 88.073 1.7362 1087.8 80.270 14 416.0
vy 200 11.830 0.427 00 185.64 1.6594 1475.5 70.246 13 904.0
N 700 3.031 0.382 89 132.35 1.3060 813.09 16.112 3392.5
Uy 500 5.605 0.341 54 66.545 1.5371 737.75 46.247 3395.6
N 400 7.223 0.202 55 19.680 1.6307 557.55 64.239 3539.5
Uy 300 9.200 0.227 63 24.187 1.7537 583.28 103.17 3455.5
LN 250 10.398 0.293 60 35.967 1.7489 656.01 127.67 3544.9
Uy 200 11.830 0.336 99 61.897 1.6133 908.50 111.47 3598.9
T 700 3.034 0.030 16 17.706 1.2973 1809.9
T 500 5.612 0.035 62 112.87 1.6660 1379.2
T 400 7.230 0.017 00 42.955 1.5979 1222.2
T 300 9.209 0.025 17 113.47 1.7313 1051.0
T 250 10.407 0.044 54 154.43 1.8430 901.85
T 200 11.839 0.081 14 244.28 2.0144 1066.3
TABLE A6. Coefficients for best fit to structure functions in 50°-60°N.
Var P (hPa) H (km) a a as ay b, ¢
vy 700 2.960 0.565 73 1804.2 3.4773 2103.3
vy 500 5.492 0.255 16 107.87 1.5525 13334
vp 400 7.082 0.160 78 37.370 1.6211 1074.9
v 300 9.027 0.174 55 31.453 1.6619 10254
vy 250 10.210 0.201 09 38.272 1.5894 1234.5
173 200 11.637 0.249 15 87.643 1.4986 1661.9
LN 700 2.960 0.634 16 533.19 2.1400 934.41 24.618 4186.9
N 500 5.492 0.277 11 55.858 1.6464 731.02 68.535 3887.0
vy 400 7.082 0.173 50 18.203 1.6655 619.07 96.072 3773.9
N 300 9.027 0.157 41 14.033 1.7253 600.58 134.06 3646.5
LN 250 10.210 0.176 57 18.024 1.6632 734.89 152.78 3617.1
N 200 11.637 0.202 93 36.092 1.5402 1038.1 118.89 3866.5
T 700 2.963 0.049 22 210.55 1.9228 1310.1 17.624 12 464.0
T 500 5.498 0.019 88 42.548 1.6160 1458.2
T 400 7.090 0.013 33 31.609 1.6272 1372.5
T 300 9.037 0.013 91 18.074 1.3292 1575.6
T 250 10.221 0.038 62 80.515 1.6308 950.78
T 200 11.646 0.070 01 169.40 2.0275 978.53
TABLE A7. Coefficients for best fit to structure functions in 60°~70°N.
Var P (hPa) H (km) M a as ay b, c
vy 700 2.879 0.662 73 1738.3 4.8263 1839.8
173 500 5.369 0.712 71 709.04 2.6920 1208.8
vy 400 6.935 0.361 60 94.822 1.6537 1019.0
13 300 8.855 0.216 63 44.146 1.7087 941.28
173 250 10.030 0.259 61 72.516 1.7018 1088.2
173 200 11.463 0.356 17 303.58 1.8892 1354.9
Uy 700 2.879 0.809 06 773.79 2.7524 980.85 18.076 3913.0
LN 500 5.369 0.571 44 187.04 2.0899 653.98 45.117 3903.6
Uy 400 6.935 0.266 96 21.394 1.6079 566.71 76.619 3785.5
Uy 300 8.855 0.156 77 11.293 1.5799 720.64 126.16 3282.4
Uy 250 10.030 0.230 43 31.161 1.6439 824.50 120.38 3496.4
LN 200 11.463 0.329 21 125.84 1.7473 998.70 74.461 4108.2
T 700 2.879 0.037 44 218.68 2.5178 913.81 15.450 10 028.0
T 500 5.372 0.021 06 19.970 1.3963 19714
T 400 6.939 0.028 41 104.85 1.8243 1226.6
T 300 8.859 0.037 84 107.10 1.4825 1259.9
T 250 10.035 0.064 53 167.46 2.0497 776.36
T 200 11.466 0.091 10 286.83 2.2202 1047.8
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TABLE AS8. Coefficients for best fit to structure functions over CONUS in 30°-40°N.
Var P (hPa) H (km) a a as a, by cy
vy 700 3.112 0.406 98 10 324.0 1.0570 12 576.0
vy 500 5.761 0.440 15 820.28 1.2819 8203.9
vy 400 7.425 0.139 48 5.5361 1.0972 6539.4
vy 300 9.460 0.249 34 59.498 1.4867 1909.6
vy 250 10.687 0.363 19 129.40 1.7084 1540.4
vy 200 12.134 0.422 73 180.36 1.7040 1674.0
LN 700 3.112 0.380 64 324.41 1.0408 1935.1 32.932 3676.7
Uy 500 5.761 0.408 41 98.604 1.2496 1349.1 61.376 3908.2
LN 400 7.425 0.184 64 9.0130 1.3042 885.68 82.518 4025.6
Uy 300 9.460 0.293 14 46.789 1.7567 683.80 105.35 4113.6
LN 250 10.687 0.391 35 76.370 1.9174 684.16 114.46 4125.4
uN 200 12.134 0.404 56 94.861 1.8654 798.90 99.195 3927.3
T 700 3.112 0.049 48 209.04 2.1186 1060.7
T 500 5.766 0.064 83 495.72 2.3936 1077.6
T 400 7.432 0.027 66 155.20 1.8162 1073.5
T 300 9.469 0.023 29 189.60 1.9225 1068.0
T 250 10.699 0.035 41 243.82 1.9630 899.36
T 200 12.147 0.062 09 321.32 1.9628 1092.0
TABLE A9. Coefficients for best fit to structure functions over CONUS in 40°-50°N.
Var P (hPa) H (km) a a as ay by o)
vy 700 3.025 0.184 41 11.949 0.914 57 6084.6
vy 500 5.614 0.325 00 171.90 1.4382 2052.0
vy 400 7.241 0.241 15 59.000 1.5395 1379.3
vy 300 9.232 0.244 31 47.299 1.6040 1345.1
vy 250 10.438 0.370 49 109.09 1.7680 13124
vy 200 11.875 0.436 41 182.70 1.6886 1649.9
LN 700 3.025 0.315 18 75.834 1.1184 1703.1 36.337 3547.2
LN 500 5.614 0.411 97 84.161 1.6648 788.12 53.693 4056.0
un 400 7.241 0.256 49 24.395 1.6008 723.00 90.544 3972.8
LN 300 9.232 0.242 79 24.345 1.6945 790.29 145.76 3683.2
LN 250 10.438 0.337 12 45.371 1.7892 816.29 163.20 3755.6
LN 200 11.875 0.351 98 66.918 1.6735 1036.5 145.14 3864.0
T 700 3.029 0.020 56 12.849 1.4302 1665.9
T 500 5.616 0.041 24 115.16 1.7241 1312.0
T 400 7.244 0.026 79 92.839 1.7127 1444.7
T 300 9.235 0.026 72 147.32 1.7838 1201.5
T 250 10.442 0.046 49 180.55 1.9179 887.94
T 200 11.879 0.082 33 278.48 2.1709 1078.1
TABLE A10. Coefficients for best fit to structure functions over CONUS in 50°-60°N.
Var P (hPa) H (km) a; a as ay by cy
vy 700 2.933 0.186 69 10.363 0.989 13 2310.9
13 500 5.458 0.029 18 0.694 88 1.2489 1593.8
vy 400 7.046 0.174 31 45.058 1.6889 1025.0
vy 300 8.991 0.199 38 33.074 1.6355 1139.4
vp 250 10.178 0.203 35 34.152 1.5639 1383.9
13 200 11.616 0.270 01 97.018 1.5605 1597.8
Uy 700 2.933 0.278 31 9.6242 1.0473 1306.2
LN 500 5.458 0.097 40 3.1345 1.2321 1358.6 69.657 3279.8
Uy 400 7.046 0.060 12 2.2407 1.4277 856.66 97.881 3316.0
LN 300 8.991 0.175 16 14.323 1.6598 710.23 130.39 3427.0
Uy 250 10.178 0.204 32 21.473 1.6538 819.66 139.56 3420.9
un 200 11.616 0.225 25 43.164 1.5736 1053.9 102.71 3772.0
T 700 2.934 0.065 62 133.10 1.8109 1309.6
T 500 5.460 0.022 87 39.097 1.5667 1810.5
T 400 7.049 0.024 99 81.728 1.7707 1460.1
T 300 8.995 0.034 06 147.00 1.7227 1200.5
T 250 10.183 0.052 99 169.49 2.0041 858.43
T 200 11.621 0.073 61 182.31 1.9701 1068.0
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